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Abstract
This report describes the studies performed for the Snowmass “Top algorithms
and detectors” High Energy Frontier Study Group.
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1 Introduction
The long-awaited measurements of top quarks and their properties by ATLAS [1] and
CMS [2] have proved the LHC to be the world’s top factory. The Standard Model (SM)
top-quark studies at the LHC include1 reconstruction of the total and differential tt¯ cross
sections [3–11] top-quark mass measurements [12–14], cross sections of invariant masses of
tt¯ pairs, charge asymmetry [15] and single-top measurements [16]. A number of searches
have been performed aiming to find heavy resonances decaying to tt¯ pairs [17,18].
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Figure 1: Summary of measurements of the top mass and tt¯ cross sections.
Let us remind that the produced t(t¯)-quark decays almost exclusively in to a bW pair.
The b quark hadronizes giving rise to a jet. The W boson can decay hadronically into
light quarks, which turn into jets, or leptonically into a pair composed by a charged lepton
1We give only the most representative or recent references which are only needed to make our point,
without attempt to collect a comprehensive list of references from ATLAS and CMS.
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and a neutrino. The semi-leptonic process is defined by events in which one W decays
hadronically while the other one decays leptonically, i.e.
tt¯→ (bW )(bW )→ (bqq′)(b`ν) (1)
In the Standard Model the fraction of semi-leptonic final states in e+e− → tt¯ is about 43%
compared with about 45% fully hadronic final states.
A snapshot of the top-quark cross section and top mass measurements is given in
Fig. 1. These results indicate that:
• Individual top-quark cross section measurements from ATLAS or CMS have started
to reach a precision comparable with the corresponding Standard Model (SM) predic-
tion at next-to-leading order (NLO) QCD (and especially those at the approximate
NNLO QCD). In many cases, individual measurements in certain channels are so far
not sufficient for a stringent tests of the SM.
• Combined cross section measurements have reached the precision comparable with
or smaller than the SM prediction.
• Overall experimental uncertainty is dominated by systematic uncertainties. This
continues to be true for combined results.
The first point can be obtained from the analysis of ATLAS and CMS data published
during 2010-2013; the second point is a reflection of rather recent developments that indi-
cate the importance of combining multiple channels or results from multiple experiments.
For example, the measurements of top masses by CMS and ATLAS have reached the rel-
ative precision of ' 0.8% [19], which is close to the similar Tevatron result, 0.54% [20,21].
The uncertainties on the measurements of tt¯ cross section are quickly becoming compara-
ble with NLO QCD predictions. The combination of results is significantly more difficult
in the case of differential cross sections. The third point requires a deeper analysis which
may help to understand possible improvements in future measurements.
From the instrumentation point of view, top quark measurements require a comprehen-
sive understanding of lepton identification, jet reconstruction, missing transverse energy
and b-tagging. These issues are discussed in great detail in ATLAS and CMS public docu-
ments, and some aspects continue to improve over time. But as we look ahead toward the
future of the LHC, two other significant issues arise: a dramatic increase in pileup activity
with rising instantaneous luminosity, and an appreciable production of “highly boosted”
top quarks with pT  mt.
In the following sections of this paper, we discuss in detail the impact of these novelties
on top quark measurements and new physics searches, and explore possible improvements.
We divide this discussion into a first section dedicated to traditional measurements of top
quarks near their pair production threshold, and a second section dedicated to highly
boosted top quarks.
Taking a somewhat longer-range view, in the third section we conduct a short survey
of detector effects in the context of the ILC proposal. There, the promise of highly-
detailed kinematic measurements must be evaluated given realistic limitations such as jet
combinatoric ambiguities, selection of prompt leptons versus leptons from b-hadron decay,
and measurement of b-jet charge.
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2 Top quarks near threshold
Top-quark reconstruction at low transverse energies is limited by a number of factors that
determine total systematic uncertainty. The largest instrumental uncertainties for top
cross sections (total and differential), top-mass measurements and new physics searches
involving top quarks come from the number of sources:
• Jet-energy scale, which is a dominant uncertainty for essentially all top-quark mea-
surements. Typically, it accounts for 50% of the overall uncertainty on cross sections.
• Jet-energy resolution uncertainty has a systematic uncertainty on the top measure-
ments comparable with the jet-energy scale uncertainty.
• b-tagging efficiency uncertainty and mistag rate are the next largest contributors.
• Uncertainty on missing transverse-energy reconstruction is another important con-
tribution.
• Lepton identification efficiency and reconstruction typically have the smallest uncer-
tainties.
The above uncertainties do not correlate with theoretical uncertainties and with our under-
standing of QCD backgrounds and other effects, which are beyond the scope of this review.
The above discussion is sufficiently suggestive and indicates that any further progress in
precision top measurements that involve jet reconstruction can only come from a better
understanding of low-pT (jet) jets (typically, pT (jet) < 100 GeV jets) and b-tagging.
2.1 Fast Monte Carlo simulation
For the detector-related top-quark studies for pp collsions at a center-of-mass energy of√
s = 14 TeV, top quarks were modeled using the PYTHIA8 [22], HERWIG++ [23] and
MadGraph5 [24] Monte Carlo (MC) models. The MC samples used in this article were
processed through a fast detector simulation based on the Delphes 3.09 framework [25,26]
assuming the Snowmass detector geometry [27]. The description of the MC samples are
available from the Snowmass2013 web pages [28,29]. The data are available in the ROOT
[30] and ProMC [31] formats. The latter format was developed at Snowmass to mitigate
the problems of limited storage on the web servers and limited network bandwidth. More
details about the Delphes fast simulation for Snowmass2013 can be found in [27].
Jets were reconstructed with the FastJet package [32] using the anti-kT algorithm
with distance parameter R = 0.5. The simulation uses Particle-Flow (PF) jets re-
constructed by clustering the four-momentum vectors of particle-flow candidates. The
particle-flow algorithm combines tracking information with calorimeter clusters (for neu-
tral hadrons and photons). In case when no pileup correction is used, jets were constructed
from all PF objects, irrespective their origin. For pileup-corrected jets, only jets that in-
clude tracks originating from the primary vertex are used, and then they are combined with
neutral hadrons obtained from the corresponding calibrated electromagnetic and hadronic
energy. Then, the jet-area method [33] was used to subtract pileup contribution 2. Since
2 For such simulations, we do not model out-of-time pileup.
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(a) Jets in tt¯ events without pileup removal
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(b) Jets in tt¯ events after pileup removal
Figure 2: Reconstructed jet transverse momenta in tt¯ events versus true jet transverse
momenta for (a) before and (b) after pileup removal and jet energy corrections. Jets were
reconstructed with the anti-kT jet algorithm using the size R = 0.5. The figures show
different pileup scenarios: 〈µ〉 = 0, 50, 140 using the Delphes fast simulation. The line is
a fit result using a first-order polynomial for 〈µ〉 = 0; this line repeated for 〈µ〉 = 50 and
〈µ〉 = 140 cases.
the pileup contribution is negligible for charged hadrons from the primary vertex, only the
neutral contribution was corrected using the average energy density from pileup and the
underlying event.
2.2 Jets under high-pileup condition
The future high-luminosity LHC plans to go beyond 〈µ〉 ≥ 100 pileup events per bunch
crossing, which will have a negative impact on many hadronic final-state observables. The
most vulnerable objects are low-pT jets and b-tagged jets, which are currently the main
sources of systematic uncertainty for top-quark measurements. Below we will discuss this
conclusion using the Delphes simulation.
The effects of pileup events include:
• shifts in jet transverse energies by approximately 50 (120) GeV for 〈µ〉 = 50 (140),
adding about one additional GeV for each pileup event;
• smearing of jet transverse momenta;
5
• a flux of low-pT fake jets.
Figure 2 shows the profile plot of jet transverse momenta for the reconstructed and
truth-level jets for 〈µ〉 = 50 and 〈µ〉 = 140. The studies were performed without and
with the pileup removal technique. The reconstructed jets were matched to truth-level
jets built using non-pileup particles. The matching procedure was performed using a cone
of size 0.1 in η and φ. The Delphes simulation shows that a typical 30 GeV jet from tt¯
decays has a transverse momentum close to 60 (120) GeV for 〈µ〉 = 50 (100) pileup events.
Additional energy of ∼ 1 GeV to jets from every pileup event assumes that no noise
optimization is performed on the input signals. This is not true for realistic situations.
The pileup noise used for calorimeter cluster finding such that clusters with low energy
significance relative to the actual pileup noise are suppressed. When the noise value is
adjusted during clustering, then the pileup noise is significantly reduced. For example, for
ATLAS, is about 20 GeV extra energy (on average) on top of R=0.4 jets for 〈µ〉 = 140.
Figures 3(a)-(b) show the comparisons of jet transverse momentum distributions with
and without pileup removal based on the jet-area corrections, as it is included to the
Delphes simulation, which is closely follows the CMS approach to deal with pileup.
Figures 3(c)-(d) show the distributions for the number of jets at pT > 50 GeV before and
after the pileup correction. The numbers of the low-pT jets without the pileup removal can
be as large as 50 for 〈µ〉 = 140. The pileup reduction technique clearly leads a substantial
improvement for the average jet multiplicity, restoring the original numbers of jets in tt¯
events. Some discrepancy between 〈µ〉 = 140 and 〈µ〉 = 0 can be due insufficient tuning
of the correction. Jets for the 〈µ〉 = 50 and 140 have rather close characteristics to those
shown for 〈µ〉 = 0.
The effect of pileup on jets can be studied by analyzing pRecoT /p
True
T distributions in
bins of pTrueT . The fractional jet energy resolution can be described by the parametrization
σ/pT =
√
a2/pT + b2/p2T + c
2,
where a (sampling) and c (constant) terms are roughly independent of pileup [34]. The
noise term, b, is expected to be pileup dependent. Figure 4 shows the fractional jet energy
resolutions for the Delphes simulation for different pileup scenarios. The same figure
shows the dependence of the noise term obtained from the fits to the resolution as a
function of 〈µ〉, assuming a and c are fixed to the 〈µ〉 = 0 case. It can be seen that the
pileup substantially changes the noise term which follows the
√〈µ〉 trend.
From the above discussion, we can conclude that if identification of jets from the signal
events will be performed, a pileup subtraction technique should correct the signal jets by
200–400%. Such correction will increase jet uncertainties and lead to larger systematic
uncertainties for jet cross section and jet masses compared to 2010–2012 data. Methods
and data-driven algorithms that are dealing with pileup will be of much greater importance
than ever before.
Let us give a quantitative model-independent estimate of the effect of pileup on top-
quark measurements using PFlow jets. 50 (140) pileup events lead to ∼ 40 (∼ 120) GeV
extra energy for a 30 GeV jet. Assuming that only the neutral component of a jet should
be corrected for, such a correction is expected to be ∼ 20 (60) GeV for 〈µ〉 = 50 (140).
Assuming that the uncertainty on additional energy due to pileup events is close to that for
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Figure 3: Reconstructed jet transverse momenta and numbers of jets in tt¯ events before (a)
and after (b) pileup removal. The figures show different pileup scenarios: 〈µ〉 = 0, 50, 140
using the Delphes fast simulation. For the transverse-momenta distribution, the cut
pT > 30 GeV was applied, while the jet multiplicity plots use pT > 50 GeV selection. For
all figures, |η| < 2 was used.
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Figure 4: Jet energy resolution and the noise term dependence on 〈µ〉 for different
pileup scenarios using the Delphes fast simulation and the Snowmass detector. Jets are
reconstructed with the anti-kT algorithm with R=0.5 using PFlow as inputs. (a) Without
pileup correction and (b) using the pileup correction based on the jet area correction.
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the jet measurement itself without pileup, we conclude that the uncertainties on jets for the
high pileup scenario is mainly driven by uncertainties on pileup corrections. As an example,
a 2% jet-energy scale uncertainty for a jet measurement without pileup translates to a 3%
(5%) uncertainty for 50 (140) pileup events. This conclusion is still on the optimistic side,
since many effects are not taken into account, such as out-of-time pileup and uncertainty
on the simulation of soft-QCD events. The latter may invalidate the assumption that
60 GeV of energy coming from pileup can be understood as well as the energy of a 60 GeV
jet without pileup. Since jet reconstruction for top measurements accounts for the largest
fraction of systematic uncertainty, we conclude that systematic uncertainties for the SM
top measurements will increase by a factor 1.5 (2.5) for the 50 (140) pileup scenario, unless
methods that are less reliant on jets are used.
Data-driven techniques based on Z+jets or γ+jets processes may improve the assess-
ment of the jet-energy scale compared to the above projection. Such in-situ jet calibration
will require a reliable reconstruction of low-pT photons and leptons. For jets with pT > 30
GeV, photons and leptons should be reconstructed with pT > 15 − 20 GeV, which be-
comes challenging due to large prescale factors and effects of pileup on the isolation of
such objects. One possible solution for a reliable usage for jets for high-precision top mea-
surements is to reconstruct top quarks with relatively large pT (top) (for example, with
pT (top) > 200), but this will reduce the available statistics.
Another effect which is important for top reconstruction is jet energy resolution uncer-
tainty, which can significantly contribute to systematic uncertainty on top reconstruction,
and can have a size on the overall uncertainty as large as the jet-energy scale (for an
example, see Ref. [8]). The effect of jet-energy resolution uncertainty is more difficult to
assess using a model-independent consideration. The jet-energy resolution and associated
uncertainties are expected to increase for high-luminosity runs.
2.3 Top reconstruction under high-pileup conditions
Top reconstruction was performed using a procedure similar to the one discussed in [35].
An event selection was applied by requiring at least four jets with pT > 25 GeV and |η| <
2.5. At least one of the jets must be tagged by a b-tagging algorithm and there must be
at least two un-tagged jets in the event. We assume that the event contains at least one
hadronically decaying top quark and that we can resolve two jets originating from the
W -boson and one jet originating from the b-quark.
The procedure starts by building up a list of W -boson candidates by pairing light jets
in the event. Combination with an invariant mass that falls outside of a 60 GeV wide mass
window around the W -boson mass are discarded. The candidate W -bosons jet pairs are
combined with a b-tagged jet to produce a list of candidate reconstructed top quarks. The
combination with the highest pT is assumed to be the correct combination. It’s important
to recognize that this procedure is biased towards selecting high-pT top candidates.
The distribution of reconstructed W -boson masses can be seen in Fig. 5(a). As the
number of pileup interactions increase, there is a degradation in mass resolution of the
light jet pairs and a systematic shift towards lower invariant mass values. Similarly, the
mass of the reconstructed top quark, shown Fig. 5b, shows a similar trend towards lower
reconstructed masses as the number of pileup interactions increase.
Figure 6 shows the reconstructed top quark masses for low and high pT (top) ranges.
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Figure 5: Reconstructed W -boson and top quark masses for the three pileup scenarios.
Both distributions show a trend of lower reconstructed masses as the number of pileup
interactions increase.
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Figure 6: Reconstructed top quark masses for a low and high pT (top) range. For the low
pT (top) range (a), the top quark reconstruction technique outlined in Sec. 2.3 perform
similarly for all three pileup scenarios. For the higher pT (top) range, there is a significant
shift in the central values of the reconstructed top quark mass that is dependent on the
number of pileup interactions.
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For high-pT (top), the trijet mass is shifted with respect to the nominal top mass by 200
GeV (on average). This indicates both a large contribution from combinatoric background
and the onset of the highly-boosted regime, where two or more quarks from a top decay
are often merged into a single jet. The mass also depends on the pileup scenario, trending
to lower values for higher pileup and more aggressive subtractions. Both the mass-shift
and the pileup dependence indicate challenges that have to be faced for reconstruction of
high-pT (top) using the standard approach.
2.4 Summary
Although different techniques to deal with large pileup still need to be assessed, a prelimi-
nary conclusion can already be drawn from these studies. For the 2010–2012 experimental
analyses, uncertainties in jet resolution, jet energy and b-tagging were the largest con-
tributors to the systematic uncertainty on top-related measurements. For high-luminosity
LHC runs with 50 or 140 pileup events per crossing, jet uncertainties can become only
more important. We summarize our main conclusions below:
• High-luminosity runs will bring us to the regime in which uncertainties on our un-
derstanding of pileup corrections for low- and medium-pT jets will be the dominant
factor, rather than instrumental uncertainties for signal jets as this was in the past.
Substantial energy corrections to the signal jets and additional contribution to jet
energy resolution will lead to additional uncertainties in detector modeling compared
to 2010–2012 jet studies. We expect that jet-energy scale uncertainty will increase
by a factor two or more if no in-situ jet calibration is used. Data-driven techniques
may improve the assessment of the jet energy scale compared to this projection.
However, such techniques become increasingly challenging since they require a re-
liable reconstruction of low-pT photons and leptons. Jet-related uncertainties will
also increase due to an increase of jet-energy resolution.
• For 〈µ〉 > 100, it is unlikely there will be a single top mass or tt¯ cross section measure-
ment based on low/medium-pT jets that will improve over the 2010–2012 measure-
ments. A combination of multiple measurements by CMS and ATLAS should help
to substantially ameliorate the growth of the uncertainties. But, for example, reach-
ing the level of the theoretical cross section uncertainty will be highly challenging.
To reduce future systematic uncertainties at the LHC relative to their present-day
levels, it may be necessary to pursue less pileup-sensitive methods (e.g., relying more
heavily on leptonic, semileptonic b decays, and/or tracker-based observables).
• All searches that require a good understanding of low-pT (top) top quarks or low-pT
jets will also be severely affected by the new pileup environment. These include
various searches for new physics, as well as SM processes such as Htt¯.
• A standard trijet mass for top reconstruction strongly depends on pT (top) due to
combinatoric ambiguities and jet merging. For pT (top) >700 GeV, the peak position
is at 300–400 GeV assuming the same jet transverse momentum cuts as for low-
pT (top) measurements. This may limit our ability to identify top quarks at such
large pT (top) using the traditional approach.
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Because of the points made above, we conclude that the high-luminosity pp collision
runs with 〈µ〉 > 100 are unfavorable for high-precision SM measurements based on jets
with pT (jet) below 100 GeV. This conclusion will affect tt¯ measurements near the thresh-
old, single-top studies, studies of processes with associated top production, as well as
searches for new physics that require detection of jets from low-pT tops.
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3 Highly-boosted regime
A primary focus of the LHC is searches for particles produced beyond TeV-scale energies.
However, the reconstruction of top quarks at very large transverse momenta is challenging.
The decay products become collimated, leading to failures of lepton isolation when the W
decays leptonically, and substantial jet overlaps when theW decays hadronically. b-tagging
also becomes inefficient at large pT .
Top quarks that are so energetic that all of their decay products can fit into a standard-
radius LHC jet (R =0.4–0.6) are often called “highly-boosted,” or simply “top-jets.” Com-
plete containment occurs for the majority of top decays when the transverse momentum
exceeds roughly 4×mt, or 700 GeV, as illustrated in Figure 7. Standard top reconstruc-
tions then become impossible, and specialized techniques must be employed. For leptonic
decays, these include modified definitions of lepton isolation [36–39]. For hadronic decays,
studies of detailed jet properties such as jet masses, jet shapes, and jet substructure then
become useful [36,37,39–53]. In both cases, care must be taken to combat the overwhelm-
ing QCD backgrounds, including lepton production in heavy flavor jets.
The crossover from threshold production into the highly-boosted regime is quite broad,
and there is also an intermediate “semi-boosted” range between approximately (2–4)×mt,
or 350–700 GeV. In this regime, some or all of the top decay products may be merged,
depending sensitively on the decay kinematics and the radii used for jet reconstruction
and isolation. For some studies, it may be more effective to simply contain all of the top
decay products into a single “fat jet”, with a radius of 1.0 or larger. Techniques similar
to those useful in the highly-boosted regime can then be applied, though careful attention
must be payed to the effects of diffuse soft radiation such as pileup. (For example, the
HEPTopTagger [54,55] incorporates filtering [56], and is therefore well-adapted to this
purpose.)
So far, the recent runs of the LHC have begun to probe into the semi-boosted region,
using a combination of traditional and fat-jet techniques (see [18,58] for examples). True
top-jets have not yet been accumulated with meaningful statistics, but sizable samples
are expected after the energy upgrade. Figure 8 shows the NLO and approximate NNLO
cross sections for QCD production of top pairs in pp collisions at
√
s = 14 TeV [57]. For
pT (top) > 0.7 TeV, hundreds of thousands of top quarks from QCD alone will be produced,
assuming an integrated luminosity of 300 fb−1. A possible future run at
√
s = 33 TeV
with comparable luminosity would further increase these rates by orders of magnitude, and
substantially extend the energy reach. (For example, hundreds of tt¯ pairs with pT (top) >
3 TeV could be observed.) For the foreseeable future, the LHC will be in a unique position
to undertake studies of tops produced at such high energies.
A large number of useful tools are now available for studying top-jets in the highly-
boosted and semi-boosted regimes. In the present study, we will not undertake a review of
these. (Interested readers can learn more from the BOOST conference proceedings [59,60],
where detailed descriptions and systematic comparisons of different techniques were un-
dertaken.) Instead, we will focus on only a small handful of the well-known methods
for dealing with fully-hadronic decays, and attempt to gain some understanding of their
robustness under the extreme conditions of high pileup and high energy. We work ex-
clusively in the highly-boosted regime, which is the most conceptually distinct from the
traditional approaches described in the previous section. However, we do note that spe-
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Figure 7: Jet mass vs pT for two different algorithms and jet radii, in fully-hadronic tt¯
events (without pileup) at pT (top) >∼ mt. The jet pT spectrum has been reweighed to be
flat.
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cialized treatments of semi-boosted tops would also be interesting to study under high
pileup conditions, as would highly-boosted semileptonic decays. A dedicated understand-
ing of possible optimization of high-pT b-tagging would also be very useful, but would
likely require much more detailed studies using full detector simulations.
3.1 Jet mass and area-based pileup subtraction
We start by considering the simplest observable sensitive to internal jet kinematics, the
jet mass. As before, we use the Delphes [57] fast detector simulation, and we reconstruct
highly-boosted tops using the standard jet anti-kT (R=0.5) algorithm. Figure 9 shows
the particle-flow masses for randomly-chosen jets with pT (jet) > 0.8 TeV in combined tt¯
and QCD dijet processes at the 14 TeV LHC. For this simple comparison, pileup was not
simulated. It can be seen that even the measurement of individual jet masses would by
itself be on the verge of observing an SM boosted hadronic top quark signal, provided that
the jet mass resolution and energy scale can be controlled to within 10%. The jet mass
distribution can be used to set a limit new particles which can lead to boosted top quarks.
With 10 fb−1 of data, sources of new physics can be excluded if they lead to a top-quark
cross section above 1184 fb defined in the fiducial region pT (jet) > 0.8 TeV.
Employing additional handles will make the top signal even cleaner. For example,
Figure 9(b) demonstrates a clear signal if a factor two reduction of background using b-
tagging can be achieved. This assumes a 40% b-quark reconstruction efficiency, 10% and
1% mistag rates due to cquark and light-flavor jets, respectively. The above exercise shows
that in order to detect such inclusively produced boosted top quarks, jet masses should be
understood within 10% while b-tagging should have a factor of two rejection power against
large non-b-jet backgrounds.
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Figure 9: (a) Expectations for the jet mass distributions using PYTHIA8 and
HERWIG++ after the fast detector simulation. For the simulation, top quarks were added
to light-flavor jets. The tt¯ component was scaled to the approximate NNLO normaliza-
tion [61]. The QCD dijet background was scaled to the NLO inclusive jet cross section
estimated with the NLOjet++ program [62, 63]. A χ2 fit was performed using the back-
ground function a ·M−bjet · exp (−c ·Mjet) in the mass range 100 < Mjet < 270 GeV. The
PYTHIA8 expectation with the normalization from the aNNLO for tt¯ was scaled by a factor
two. (b) The same distribution using the tt¯ signal yield predicted by the aNNLO after
applying the b-tagging for background and top jets. The fit quality using the background
function is χ2/ndf=2.7 for (a) and χ2/ndf=3.5.
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Figure 10: Jet masses in tt¯ events requiring jet transverse momenta (a) above 0.6 TeV
and (b) above 0.8 TeV.
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Figure 11: Dijet masses for Z ′(3TeV) → tt¯ events using the Snowmass detector after
correcting jets for pileup. All three distributions have been obtained using 96,000 signal
events.
The effect of different pT cuts and pileup scenarios on the masses of top-jets is shown
in Figure 10. The jets were again reconstructed with the anti-kT (R=0.5) jet algorithm,
requiring pT (jet) > 0.6 TeV or pT (jet) > 0.8 TeV Pileup was subtracted using the jet-area
method [33], which corrects the full four-vector of each jet. A peak near 170 GeV is clearly
observed for both choices of pT (jet) cut. For the lower pT (jet) cut, a substantial fraction of
the events sit below the peak due to incomplete containment. This includes a population
of “W -jets,” visible as a second peak at 80 GeV. For the higher pT (jet) cut, most of
the decays have become contained, and the top-mass peak is much stronger, indicating
that we have entered the highly-boosted regime. These features persist when pileup is
added, though the subtraction method tends to slightly over-correct, softening the mass
distributions. We will also comment on alternative pileup subtraction strategies below.
Boosted tops are vital for exotic searches at multi-TeV masses. Figure 11 shows the
dijet mass distribution in fully-hadronic tt¯ produced in the decay of a narrow 3 TeV Z ′
resonance, under the different pileup conditions with jet-area subtraction. The addition
and subtraction of pileup leads to a small broadening of this distribution and a downward
shift of up to 50 GeV for the peak position. Assuming that such a modest effect can
be corrected for, we conclude that the high-pileup scenario does not lead to substantial
problems for the reconstruction of such states. Pileup is a far more important problem for
the reconstruction of the individual tops, which is crucial for discriminating this topology
against generic QCD dijet events.
Figure 12 shows the top-jet mass distributions for pT cuts extending far into the
boosted regime. We fit each distribution with a Crystal Ball function [64]:
N√
2piσ
exp
(
− (M−m0)2
2σ2
)
for M−m0σ > −α
N√
2piσ
(
n
|α|
)n
exp
(
− |α|22
)(
n
|α| − |α|−m−m0σ
)−n
for M−m0σ ≤ −α,
(2)
which has a Gaussian core (with mean m0 and width σ) and a power-law tail with an
exponent n to account for energy loss. The parameter α defines the transition between the
Gaussian and the power-law functions. The fit results indicate that jet mass resolution for
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Figure 12: Jet masses for tt¯ events for different pT (jet) and 〈µ〉. The core of the peak
was fitted using a Crystal Ball function [64]. All histograms have arbitrary normalisation
(1000 events).
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large transverse momenta above 1.6 TeV is a factor two worse than for pT (jet) > 0.8 TeV.
The peak position also shifts upward by an amount comparable to increase in width.
Although increasing pileup also contributes to the broadening, we can see that by far
the greater degradation comes from increasing the pT . The trend is a combination of
“instrumental” effects simulated within the Delphes detector model and physics noise
such as gluons showering off of the top quark before it decays. Below, we investigate both
of these effects in more detail, and at even higher pT .
3.2 Jet grooming
As an alternative to the standard area-based pileup subtraction, which corrects the total
four-vector of a jet, a number of “jet grooming” algorithms have been developed. These
aim to selectively remove contaminating hadrons or calorimeter cells to improve jet mass
resolution and to better reveal hard substructures. Commonly-used algorithms include
filtering [56], pruning [65] and trimming [66]. (Detailed descriptions of the algorithms and
their parameters can be found in the references.) We focus here on trimming, which we
have found to yield good results at very high pileup. The trimmed jet mass for different
trimming algorithm parameters is shown in Fig. 13 for reclustering the original jet with the
Cambridge/Aachen (C/A) jet algorithm and in Fig. 14 for the kT jet algorithm, for QCD
jets (left) and top jets (right). In these plots, jets have first been clustered using C/A with
R = 0.8. It can be seen that the trimmed jet mass can be relatively stable as a function
of pileup. For example, choosing C/A trimming with parameters R = 0.2 and pfracT = 0.05
(Figure 13b) leads to only a 10 GeV shift of the top peak for jets with pT >∼ 650 GeV,
even with 140 pileup events superimposed. The QCD distribution is restored very nearly
to the zero-pileup limit.
We can compare these results to both the uncorrected top-jet mass and the result of
the area-based subtraction, as seen in Fig. 15. Note that area-based pileup subtraction
can result in spacelike jet four-momenta, and in this situation the mass is computed via
m = −√−(E2 − p2). With 140 pileup events, the uncorrected top-jet mass is heavily
broadened and its peak shifted up by about 100 GeV. The QCD distribution is even more
severely affected. With the area-based subtraction (Fig. 15b), we see again a tendency to
over-correct, and a significant population of “negative mass” events. Figure 15c shows the
R = 0.2, pfracT = 0.05 trimming case in closer detail, and represents a clear improvement
over both the uncorrected jet mass and the area-based subtraction. It might also be useful
to pursue a hybrid method, that uses global event information to determine the event-by-
event energy density of the pileup, coupled with a trimming procedure that is targeted
to remove it (rather than using a trimming energy parameter that is a fixed fraction of
the uncorrected jet pT ). Regardless, we can conclude that a high-pileup environment is
manageable for top-jets at the low end of the highly-boosted regime, though there remains
some room for further improvements.
3.3 Jet substructure at pT > 1 TeV
Over the course of the next run of the LHC, and at future high-energy hadron colliders such
as a 33 TeV LHC, it will be possible to observe top-jets at transverse momenta far above
1 TeV. Such high energies are well into the highly-boosted regime, where jet substructure
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Figure 13: Trimmed jet mass for different trimmed jet parameters and for three different
pileup scenarios. The C/A jet clustering algorithm is used with a distance parameter of
R = 0.8. No area based pileup subtraction is used. Trimmed subjets are reclustered with
the C/A algorithm. Samples are generated with HERWIG++with pT > 650 GeV for QCD
(left) and tt¯ (right).
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Figure 14: Trimmed jet mass for different trimmed jet parameters and for three different
pileup scenarios. The C/A jet clustering algorithm is used with a distance parameter of
R = 0.8. No area based pileup subtraction is used. Trimmed subjets are reclustered with
the kT algorithm. Samples are generated with HERWIG++with pT > 650 GeV for QCD
(left) and tt¯ (right).
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Figure 15: Comparison of reconstructed jet mass with different pileup mitigation tech-
niques for three different pileup scenarios. The C/A jet clustering algorithm is used with a
distance parameter of R = 0.8. The trimmed jet parameters are C/A R = 0.2, pfracT = 0.05.
Generated samples use HERWIG++ pT > 650 GeV sample for QCD (dashed) and tt¯ (solid).
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and jet shapes are often discussed as useful tools to study all-hadronic decays and to
help reduce the large QCD and W+jets backgrounds [36, 37, 39–53]. At pT above 1 TeV,
pileup is not expected to be a major concern, and for the following studies we set 〈µ〉 to
0. (E.g., as in the previous subsection, pileup might first be removed using a jet grooming
procedure, though it will ultimately be necessary to study the detailed interplay of pileup
removal and jet substructure.) Instead, the major issues become detector granularity and
hard radiation from the top quark before it decays.
The Delphes detector simulation that we have used for most of this report applies a
particle-flow style reconstruction to the event (EFlow), though with photon energy still
treated at the same spatial resolution as the hadronic neutrals. Since the ATLAS and
CMS ECALs are 4–5 times better segmented than the HCALs, this could in principle
be improved even further. However, a potentially important effect that is not modeled
by Delphes is the failure of precision tracking in the cores of very high-pT jets, both
due to the higher hit density and the fact that straighter tracks yield poorer momentum
measurements. Such effects could only be modeled in full ATLAS and CMS detector
simulations. The calorimetry, by contrast, should only improve as the energy increases.
Therefore, in this subsection, we conservatively set aside the possibility of using the tracker,
and focus only on calorimeter quantities3.
The default Delphes barrel calorimeter granularity for Snowmass 2013 is close to
0.087×0.087 in the η-φ plane. This is adequate to achieve good mass resolution on combi-
nations of widely-separated jets, but the masses of individual top-jets can be significantly
degraded. It is therefore crucial to at least combine in some of the higher spatial resolu-
tion information from the ECAL. We model this in a very simplified manner, by running
dedicated Delphes simulations with a 2× refinement in the η and φ granularities. Each
tower is therefore broken up into four. We reassemble the hadronic towers back to the
original calorimeter grid, and keep the ECAL towers at the refined resolution. There are
then several ways to exploit the added information in the ECAL towers. We use one of
the simplest: the four ECAL towers associated to each HCAL tower are vector-summed,
and the resulting direction is assigned to the complete ECAL+HCAL tower energy.4
Figure 16 shows the distribution of anti-kT (R=0.5) top-jet masses for several treat-
ments of the detector, taking only jets with pT > 1.6 TeV. It can be seen that the original
Delphes calorimeter has worse mass resolution than the EFlow model, but that adding in
the ECAL information improves the calorimeter resolution even beyond EFlow. This not
only indicates the possible improvement from taking a finer-grained view of the photons in
the event, but also that the photons trace the energy flow as faithfully as the tracks. The
figure also shows the underlying particle-level distribution, thereby indicating the relative
degree of mass smearing from the detector model versus from physics.
3The pattern of hits in the tracker would still yield valuable directional and energy information, even if
track reconstruction proves unreliable. This might be especially useful given the generally non-projective
geometry of the calorimeters, the spread in vertex longitudinal positions, and the nonzero radius of particle
showers within the calorimeter material. We do not attempt to model any of these effects, nor any of the
potential compensating benefits of adding back in the tracker hits.
4Delphes also does not model energy deposits in the ECAL from hadrons, whether by direct interaction
with the ECAL material or by secondary photons produced from interactions with the tracker material.
The net effect of these processes is a substantial increase in the total fraction of jet energy captured by
the ECAL, from roughly 30% to something closer to 50% (80%) in CMS (ATLAS). This only improves
the association of the ECAL energy depositions with the full energy flow pattern.
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Figure 16: Top-jet mass distributions for pT (jet)> 1.6 TeV, using the anti-kT algorithm
with R = 0.5. Different curves correspond to different treatments of theDelphes detector,
described in the text. No pileup events have been overlayed, and no four-momentum
subtractions have been applied.
As demonstrated earlier in Fig. 12, the mass resolution degrades with increasing pT .
Roughly speaking, there are three components contributing to this trend. The first is the
detector itself, as just illustrated. The second is diffuse soft radiation in the jet. This
more generally would include GeV-scale pileup particles, but it also includes a higher-
energy contribution from showering of the primary event, such as FSR off of the top quark
before it decays. The third component to the mass broadening is the hard region of these
emissions, for example those which could result in the formation of additional hard jets in
the event. These emissions are often correlated in direction with the top quark, and can
become merged into the top-jet after clustering. The net effect of the extra hard radiation
is a broad high-mass tail. The effect can already be seen in Figs 12 and 16. While there is
no true physical dividing line between the “soft” and “hard” components of the radiation,
we can call “hard” any emission that causes the jet mass to fall far outside of the core
distribution.
Many substructure-based top-taggers automatically subtract contaminating radiation
from within a top-jet, and we start by demonstrating how effective this is in the context
of the JHU top-tagger in the absence of pileup. For these studies, we recluster the con-
stituents of the anti-kT (R=0.5) jets with the Cambridge/Aachen algorithm. We then
run the declustering stage of the JHU tagger with parameters δp = 5% and δr = 0.085,
and place no cuts other than the requirement of successful identification of at least three
subjets. The δr parameter here serves as a collinear cutoff in η-φ space, and is smaller
than has been used elsewhere, reflecting the higher pT scale and the use of finer-grained
detector elements. Figure 17 shows a comparison between the masses of anti-kT (R=0.5)
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Figure 17: Top-jet mass distributions for pT (jet)> 1.6 TeV, using the ECAL+HCAL
model. The black curve is the anti-kT (R=0.5) jet mass. The red curve is sum of subjet
masses found with the JHU top-tagger, run on the original jet constituents with δp = 5%
and δr = 0.085. The rate for finding 3 or 4 subjets is 80%.
jets before and after declustering. The declustering refines mass resolution in the core of
the distribution and corrects the peak back to the true top mass. The “price” for this
refinement is an approximately 20% loss in efficiency, due to top-jets that fail to properly
decluster according to our criteria. In addition to the top/W mass and decay angle distri-
butions, successful declustering is one of the ways that the JHU top-tagger discriminates
top-jets from ordinary QCD-jets.
Since the JHU tagger is constructed to identify localized high-pT subjets within a
jet, it is not capable of removing QCD emissions above the δp scale. Consequently, the
declustered mass distributions still exhibit a broad radiative tail. While this represents
only a O(10%) fraction of top-jets in the pT > 1.6 TeV sample, the tail grows as the top-jet
pT increases. This can be seen in Figure 18, which includes a more extreme case of top-jets
with pT > 3 TeV at the 33 TeV LHC. Removal of this hard contamination might be possible
with a modified declustering procedure that folds in more information about the top mass.5
A simple workaround is to just reduce the active size of the top-jet. The decay particles of
the top are confined within a cone of R ∼ 4mt/pT , whereas the FSR emissions of the top
mainly occur outside of this region (the “dead cone” phenomenon). Shrinking the active
area also reduces the chance of picking up hard ISR. As an illustration of such a procedure,
we apply a maximum radius to the C/A reclustering step of R = 600 GeV/pT (jet).
Figure 18 shows how the modest tail of the 1.6 TeV sample and the more significant tail of
the 3 TeV sample are both suppressed, while the central peak is enhanced. Nonetheless,
5The HEPTopTagger is of this type. However, its performance in the very high-pT range is not ideal,
as it tends to significantly overgroom the top-jets for a broad choice of parameters.
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Figure 18: Top-jet mass distributions after JHU subjet-finding for (a) pT (jet)> 1.6 TeV
at the 14 TeV LHC, and (b) pT (jet)> 3 TeV at the 33 TeV LHC. The black curves show
the effect of running the reclustering/declustering on all constituents of the original anti-
kT (R=0.5) jet. The red curves show the effect of restricting the C/A reclustering radius
to R = 600 GeV/pT (jet).
some radiative broadening remains, and attempting to further ameliorate the effect by
using even smaller radii causes the distribution to instead develop a low-mass tail and
a larger declustering failure rate due to incomplete containment. Similar behavior is
observed at particle-level. Whether this represents a fundamental limitation to the quality
of boosted top kinematic reconstruction is a question that would be interesting to explore.
One other feature of Figure 18 that is easy to see is that the overall declustering rate
falls significantly at these extremely high pT ’s, from roughly 75% at 1.6 TeV to 38% at
3 TeV (both with the shrinking-R). Even though some of the radiative tail events are
recaptured, most of these fail as well. This residual inefficiency is partially due to the
limitations of the ECAL+HCAL detector model, but mostly because the ∆R scales are
shrinking while δr is held fixed at 0.085. Figure 19 shows what happens when δr is reduced
to 0.055, and also if we further refine the detector model. For the latter, the four ECAL
towers associated to each HCAL tower are uniformly rescaled to the full ECAL+HCAL
energy (as suggested in [67, 68]), rather than first taking the ECAL towers’ vector-sum.
This treatment allows approximate resolution of subjets smaller than an HCAL tower.
The smaller δr and finer-grained detector each allow more jets to pass the declustering,
up to 70% for the latter, though the mass resolution is clearly suffering. For the two
modifications, the Gaussian width increases from 30 GeV to 35 GeV.
In summary, while a simple treatment of the detector and top-tagging algorithms can
lead to badly degraded mass resolution and failures of declustering at pT much larger than
1 TeV, much of the discriminating power can in fact be recovered. Different subdetectors
with different spatial resolutions can be combined to allow small-scale substructures to
survive, even if tracker-based particle flow methods are not applied or break down. In the
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Figure 19: Top-jet mass distributions for pT (jet)> 3 TeV, using different ECAL+HCAL
models and different δr settings. All have been reclustered with R = 600 GeV/pT (jet).
Black curves show nominal results where the ECAL towers have been summed to determine
the vector of each ECAL+HCAL unit. Red curves show results where the ECAL towers
are instead left at their original spatial resolution, and uniformly rescaled to the full
ECAL+HCAL energy. Dashed lines are the nominal δr = 0.085, and solid lines are the
more refined δr = 0.055. The highest declustering efficiency (solid red) is 70%, and the
lowest efficiency (dashed black) is 38%.
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context of the JHU tagger, reducing δr appears to be crucial to take advantage of these
smaller structures. Contaminating radiation from the hard event is a persistent nuisance,
and grows with momentum unless the top-jet radius is proportionally reduced. There
is a remaining tension between eliminating this radiation and eliminating the top decay
products, a problem that may benefit from a more sophisticated substructure strategy.
3.4 Summary
Studies of high-pT (jet) physics require boosted techniques to identify top decays. Below
we summarize the main conclusions:
• Future LHC runs will have large enough statistics to reach the highly-boosted regime
for top quark reconstruction. The transverse momenta of top quarks can be high
enough (pT (jet) >∼ 700 GeV) that all top decay products can be contained within
a standard jet radius of 0.4–0.6, and resolved approaches become ineffective. Even
larger statistics will be accumulated within the semi-boosted regime (pT ' 350–
700 GeV), where resolved approaches still often fail. In this intermediate regime, it
is also possible to collect the decay products within a single jet, provided it is a “fat
jet” with R ' 1.0.
• Pileup in the highly-boosted regime is manageable . Standard jet area subtraction
methods can preserve much of the structure of the hadronic top-jet mass distribu-
tions, though there is a tendency to over-correct. Other jet grooming methods such
as trimming, pruning, and filtering should be exploited by appropriately tuning their
parameters. These methods can also be easily interfaced with top-taggers that probe
the jet’s detailed substructure, rather than just its total four-vector. Semi-boosted
tops are expected to have pileup sensitivity intermediate between the highly-boosted
and threshold tops, and would be worth a dedicated study.
• Hadronic top-jet mass resolution degrades with increasing pT due to a combination
of physics and instrumental effects. Jet substructure approaches to top-tagging can
partially compensate by cleaning out radiation from FSR and ISR. A remaining hard
radiative component can be diminished by using a jet radius that shrinks with pT .
The instrumental limitations will require detailed study under full ATLAS and CMS
detector simulation, but simple studies with a spatially-refined Delphes calorime-
ter suggest that combining information from detector subsystems can substantially
improve the mass resolution. Top-tagging with jet substructure is still viable even
at multi-TeV transverse momenta.
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4 Top quarks at Linear Colliders
Generally speaking, a e+e− linear collider (LC) is the ideal machine for high precision top
quark physics [69, 70]. In contrast to the situation at hadron colliders, the leading-order
pair production process e+e− → tt¯ goes directly through the tt¯Z0 and tt¯γ vertices. There
is no concurrent QCD production of t quark pairs, which increases greatly the potential for
a clean measurement. This section will present experimental details on physics potential,
which has been published elsewhere.
4.1 Experimental environment
A future linear collider will operate at centre-of-mass energies between 250 GeV up to
3 TeV thus covering the kinematical regime for top pair production, which starts at around
350 GeV. Being the most advanced proposal, the ILC is designed to produce an integrated
luminosity of 500 fb−1 at a centre-of-mass energy of 500 GeV within four years of running.
A major asset is that the ILC allows for running with polarized beams. At 500 GeV the
expected beam polarization is P = ±80% for the electron beam and P ′ = ∓30% for the
positron beam.The production cross section varies with the polarization according to
σP,P ′ =
1
4
[
(1− PP ′)(σ−,+ + σ+,−) + (P − P ′)(σ+,− − σ−,+)
]
(3)
At 500 GeV about 300k top pair events are expected in the case of non-polarized beams
for an integrated luminosity of 500 fb−1. At energies above the tt¯ threshold different po-
larization modes permit to enrich the samples with t quarks of a given helicity. Due to the
electroweak production all processes occur at roughly the same rate and the total number
of interactions is such that no online trigger is needed. The event selection and classifi-
cation happens exclusively offline. In the energy regime below 1 TeV background effects
like γγ with low pt hadrons do not compromise the precision measurements, see also later
in the text. Unlike LHC, pile-up and underlying event will not affect top reconstruction
at the LC.
Details of linear collider detectors can be found elsewhere [69,70]. Their design assures
an optimal jet energy resolution based on particle flow. The aim is to measure every par-
ticle of the final state. The momentum of charged final state particles are measured with
a high precision tracking system and the energy of neutral particles in the calorimeters.
A separation of charged and neutral final state particles require highly granular calorime-
ters [71]. Jet energy resolutions of about 4% for jet energies between 250 GeV and 1 TeV
seem to be achievable.
A most relevant component for top quark physics is the vertex detector. The first
layer of the vertex detector approaches the interaction point as close as 16 mm. The small
material budget and the comparatively low occupancy allow for a precise determination
of primary and secondary (and tertiary) interaction vertices. This potential is exploited
in tagging of the b quarks. jets and the measurement of the b quark charge.
4.1.1 Event generation and analysis framework
All the studies presented in this section are based on a full detector simulation. For
ILC studies events typically are generated with version 1.95 of the WHIZARD event
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generator [72,73] in the form of six fermion final states of which tt¯ events form a subsample.
The generated events are then passed to the PYTHIA simulation program to generate
parton shower and subsequent hadronization. For the study of the t quark mass, as
carried our for the CLIC CDR, PYTHIA was also used for the generation of the signal
for parts of the background. Events are subject to a full simulation of the LC detectors
and subsequent event reconstruction. For this the software frameworks Marlin and the
SiD reconstruction are available.
4.2 Top quark reconstruction
4.2.1 Semi-leptonic channel
The charged lepton in semi-leptonic decays (see the definition in Sect. 1) allows for the
determination of the t quark charge. The t quark mass is reconstructed from the hadron-
ically decaying W boson, which is combined with one of the b quark jets. All jets are
reconstructed using the Durham jet algorithm. Leptons are identified using typical se-
lection criteria. The authors of [74, 75] propose a method in which the lepton from the
W boson decay is either the most energetic particle in a jet or has a sizable transverse
momentum w.r.t. neighbored jets. More specific the following criteria are applied
xT = pT,lepton/Mjet > 0.25 and z = Elepton/Ejet > 0.6, (4)
where Elepton is the energy and pT,lepton the transverse momentum of the lepton within a
jet with energy Ejet and mass Mjet. The efficiency to identify the decay lepton is about
70% where the selection has a tendency to reject low momentum leptons. This number
includes e, µ and τ leptons. Alternatives to this method isolate the lepton within a cone.
The selection efficiencies in that case are somewhat smaller and are not applied for τ
leptons.
Two of the remaining four jets must be identified as being produced by the b quarks
of the t quark decay. The b-likeness or b-tag is determined with the LCFIPlus package.
Secondary vertices in the event are analyzed by means of the jet mass, the decay length
and the particle multiplicity. The jets with the highest b-tag values are selected. As shown
in Fig. 20 the higher b-tag value is typically 0.92 while the smaller one is still around 0.65.
Jets produced by light quarks lead to a considerable smaller b-tag value.
These values are nearly independent of the polar angle of the b quark jet but drop
towards the acceptance limits of the detector. Finally, the two remaining jets are associated
with the decay products of the W boson.
The final reconstruction is achieved by the correct pairing of b quark jets and W bosons.
The method for the pairing depends largely on the purpose of the analysis. In case of a
determination of the t quark mass the selection targets events close to the t mass peak,
while in the analysis of t quark couplings events from the Breit-Wigner tails of the top
mass spectrum are allowed.
In case of top mass measurements the final pairing is realized by a kinematic fit using
constraints based on the assumption of a tt¯ event to improve the precision on the parame-
ters of interest. The kinematic fit as used in [76] retains about 50% of events classified as
semi-leptonic top decays. An alternative is to assign these constraints to a test variable
and select events with a minimum value of the test variable. The selection efficiency of
this variable yields about twice as much events as the kinematic fit.
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Figure 20: The b-tag values as a function of the polar angle of the jets with the highest
b-tag value (black dots) and of that with the second highest b-tag value (blue dots). The
third line (red dots) shows the b-tag values for light quark jets.
The total selection efficiency depends also on the lepton identification. The authors
of [75] give a total selection efficiency of about 56% for semi-leptonic tt¯ events including
events with a τ lepton in the final state.
4.2.2 Fully hadronic channel
When the tt¯ pair decays fully hadronically the final state comprises at least six jets (see
the definition in Sect. 1). The b jets are identified in the same way as in the semi-leptonic
case. As the number of combinations for the pairing into top quarks is higher a correct
b-tagging is of even bigger importance than in the semi-leptonic case. Typical selection
efficiencies of fully hadronic tt¯ events are 20-30%.
4.3 Background rejection
Table 1 taken from [76] gives an overview of relevant backgrounds to tt¯ production at the
tt¯ threshold and at a centre-of-mass energy of 500 GeV.
These background processes can be very efficiently suppressed. A tool common to all
analysis is the b tag value. This suppresses about 97% of the dominant WW background.
The authors of [74] exploit also the event thrust which rejects in addition 80% of the
remaining events. In [77] and [76] it is shown that the kinematic fit is also a powerful tool
to suppress background. The detailed set of cuts to suppress background depends also
on the actual analysis. Fully hadronic t quark decays are a background to semi-leptonic
t quark decays and vice versa. Additional cuts comprise cuts on the t quark and W mass
and of the invariant mass of the hadronic total hadronic final state. In [76] a binned
likelihood technique is applied to suppress residual background. All analyses manage to
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type final σ σ
state 500 GeV 352 GeV
Signal (mtop = 174 GeV) tt¯ 530 fb 450 fb
Background WW 7.1 pb 11.5 pb
Background ZZ 410 fb 865 fb
Background qq¯ 2.6 pb 25.2 pb
Background WWZ 40 fb 10 fb
Table 1: Signal and considered physics background processes, with their approximate cross
section calculated for centre-of-mass energies of 500 GeV 352 GeV.
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Figure 21: Distribution of reconstructed top mass for events classified as fully-hadronic
(left) and semi-leptonic (right). The data points include signal and background for an
integrated luminosity of 100 fb−1. The pure background contribution contained in the
global distribution is shown by the green solid histogram. The top mass is determined
with an unbinned likelihood fit of this distribution, which is shown by the solid line.
suppress the background to a negligible level as is shown in Fig. 21 published in [76]. This
figure shows the resulting top mass spectrum at a centre-of-mass energy of 500 GeV.
Rejection of γγ background Superposed on each hard e+e− scatter a number of
background sources lead to additional particles. Two of these have been studied in some
detail. Photons radiated off the incoming electron and positron beams in the intense
field of the opposing beam (beamstrahlung) produce e+e− pairs (coherent and incoherent
pair production [78]). The electrons and positrons produced this way are very soft and
their effect is limited to the innermost and most forward detector elements. A number
of processes known collectively as multi-peripheral γγ →hadrons production yield a small
number of additional particles (typically 1.7 low-multiplicity events per bunch crossing for
the ILC). The polar angle distribution of these particles is markedly forward. Particles
from γγ →hadrons tend to be harder and can reach the outer layers of the detector and
affect the overall detector performance, in particular jet reconstruction. An excellent re-
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jection of this γγ background is achieved by the application of the longitudinally invariant
kt algorithm [79,80]. This is demonstrated in Fig. 22. The figure shows the reconstructed
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Figure 22: The polar angle distribution of the hadronically decaying W for four different
jet algorithms.
polar angle distribution of the hadronically decaying W boson compared with the gener-
ated distribution. The result is shown for the ”traditional” Durham algorithm and for the
longitudinally invariant kt algorithm. The improvement achieved by the longitudinally
invariant kt algorithm is obvious. The study has been carried out as well for CLIC ener-
gies of up to 3 TeV and it was shown that also in this more hostile environment this γγ
background can be controlled.
4.4 Top mass determination
The determination of the mass of the t quarks is carried out differently depending of the
centre-of-mass energy of the e+e− collisions [76].
In the continuum, i.e. at energies well above the tt¯ threshold, the spectrum shown in
Fig. 21 is fitted by a function that includes a Breit-Wigner convoluted with a detector
resolution function. The analysis results for a sample of 100 fb−1 in a combined value of
mt = 174.133± 0.080 GeV for the top mass and σt = 1.55± 0.22 for the top quark width.
At the tt¯ threshold the t quark mass is determined by a threshold scan. The consider-
ations above on background and selection efficiency suggest that the tt¯ cross section can
be measured with very high precision. For the scan data samples of 10 fb−1 each have
been simulated for ten centre-of-mass energies around the threshold. The t quark mass
and of the strong coupling αs is extracted from a template fit between the reconstructed
simulated data and corresponding distributions for different values of mt and αs in a finely
grained grid. The threshold scan allows for determining the t quark mass to a statistical
precision of around 30 MeV. Due to the different luminosity spectrum the precision is ex-
pected to be somewhat better at the ILC than at CLIC. Residual systematic errors from
experiment negligible. Another error source is the normalization of the theory prediction.
The simultaneous determination of mt and αs yields a statistical error for αs of 0.0008
and theory errors between 0.0009 and 0.0022 depending on the assumption on the normal-
isation. It should be noted that as of today the determination of the t quark mass via a
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threshold scan is the method that is controlled best in terms of theoretical uncertainties.
However, it is expected that the conversion to a MS mass will drive the total error to
around 100 MeV.
4.5 Forward backward asymmetry
A key observable to study the chiral structure at the tt¯X vertex is the forward backward
asymmetry AtFB. For the determination of the forward-backward asymmetry A
t
FB, the
number of events in the hemispheres of the detector w.r.t. the polar angle θ of the t quark
is counted, i.e.
AtFB =
N(cosθ > 0)−N(cosθ < 0)
N(cosθ > 0) +N(cosθ < 0)
. (5)
This observable can be and has been studied for fully hadronic and semi-leptonic final
states. The elements of these analysis will be outlined in the following.
4.5.1 Semi leptonic final states
Here, the polar angle of the t quark is calculated from the decay products in the hadronic
decay branch. The direction measurement depends on the correct association of the
b quarks to the jets of the hadronic b quark decays. The analysis is carried out sepa-
rately for a left-handed polarized electron beam and for a right handed polarized beam.
Therefore, two different situations have to be distinguished.
• In case of a right-handed electron beam the sample is expected to be enriched with
t-quarks with right -handed helicity [81]. Due to the V −A structure of the standard
model an energetic W boson is emitted into the flight direction of the t-quark.
The W boson decays into two energetic jets. The b quark from the decay of the
t quark are comparatively soft. Therefore, the direction of the t quark is essentially
reconstructed from the direction of the energetic jets from the W boson decay. This
scenario is thus insensitive towards a wrong association of the jet from the b quark
decay to the jets from the W boson decay.
• In case of a left-handed electron beam the sample is enriched with t quarks with
left-handed helicity. In this case the W boson is emitted opposite to the flight-
direction of the t quark and gains therefore only little kinetic energy. In fact for a
centre-of-mass energy of 500 GeV the W boson is nearly at rest. On the other hand
the b quarks are very energetic and will therefore dominate the reconstruction of the
polar angle of the t quark. In this case a wrong association of the jets with that from
the b quark can flip the reconstructed polar angle by pi giving rise to migrations in
the polar angle distribution of the t quark.
The explanations above apply correspondingly to polarized positron beams and t¯-
quarks.
The described scenarios are encountered as shown in Fig. 23. First, the reconstructed
spectrum of polar angles of the t quark in the case of right handed electron beams is in
reasonable agreement with the generated one. On the other hand the reconstruction of
cos θt in case of left-handed t quarks suffers from considerable migrations. As discussed,
the migrations are caused by a wrong association of jets stemming from b quarks to jets
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Figure 23: Reconstructed forward-backward asymmetry compared with the prediction by
the event generator WHIZARD [72] for two configurations of the beam polarizations.
stemming from W decays. This implies that the reconstruction of observables will get
deteriorated. This implication motivates to restrict the determination of AtFB in case of
P,P ′ = −1,+1 to cleanly reconstructed events. For this the authors of [75] define a test
variable χ2. The reconstructed polar angle distribution of the t quark is compared with the
generated one for different cuts on χ2. The preliminary results shown in Fig. 24 are given
for a value of χ2 < 15 and demonstrate the excellent agreement between the generated
and reconstructed polar angle distributions. With this the forward backward asymmetry
can be determined to a precision of about 2%. A review of the procedure to handle the
ambiguities will however be made in future studies. In the ideal case the ambiguities can
be eliminated by a proper measurement of the charge of the b quark from the t quark
decay. The measurement of the b quark charge will be outlined in the following section.
4.5.2 Fully hadronic final states
The measurement of AtFB in the fully hadronic final states requires the determination of
the charge of the b quark from the t or t¯ quark decay. The b quark charge is obscured
by fragmentation and hadronisation and in 50% of the cases theb quark fragment into a
neutral B meson. Charged B mesons allow in principle for an unambiguous measurement
of the b quark charge. Such a measurement is supported by the small distance between the
interaction point and the first vertex layer that is the fist part of a high precision vertex
and tracking system.
For the reconstruction of the vertex charge the authors of [77] propose to combine two
estimators. The first is the momentum weighted vertex charge defined as:
QV TX =
∑
j p
k
jQj∑
j p
k
j
. (6)
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Figure 24: Reconstructed forward backward asymmetry compared with the prediction
by the event generator WHIZARD after the application of a on χ2 < 15 for the beam
polarizations P, P ′ = −1,+1 as explained in the text. Note that no correction is applied
for the beam polarizations P,P ′ = +1,−1. This figure shows also the residual Standard
Model background.
The second one is a generalization of the Eq. 6 but now all tracks charged tracks
within a b quark jet are taken into account. Both estimators are combined into a test
variable C for which C > 0 for b quarks and C < 0 for b¯ quarks. The Fig. 25(a) shows
the performance of the test variable for b and b¯ quarks. The purity of the sample can
be enhanced by tightening the cuts in the event selection, however with a penalty on the
efficiency. An example for the dependence of the purity on the selection efficiency is shown
in Fig. 25(b). In the study the combination of several turned out to be beneficial for the
correct reconstruction of the b quark charge.
The typical efficiency in fully hadronic tt¯ decays is between 20% and 25%. In that
case the AtFB can be measured to a precision of about 3% for an integrated luminosity
of 250 fb−1 [69](NDLR: SiD part). This result is compatible with the one given in [82],
which only uses the charge of tracks pointing to a secondary b quark vertex.
4.6 Helicity angle
The helicity approach has been suggested for top studies at Tevatron [83]. In the rest
system of the t quark, the angle of the decay products from the W boson θhel is distributed
like:
1
Γ
dΓ
dcosθhel
=
1 + κλtcosθhel
2
(7)
Where λt varies between +1 and −1 depending on the fraction of right-handed (tR) and
left-handed top quarks (tL) in the sample. In addition it is κ = 1 for semi-leptonic W boson
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Figure 25: Combined charge a) distributions for b quark and b¯ quark jets b) purity versus
efficiency curves for b quark and b¯ quark jets for combined charge, momentum weighted
vertex charge and momentum weighted jet charge. Shown for a sample using a t quark mass
of 174 GeV after all event selections have been applied. The figures are taken from [77].
decays for which this studies is carried out. In case of µ and e, the measurement of the
decay lepton is particular simple at a LC. The Fig. 26 taken from [75] shows the helicity
angle distribution for two configurations of the initial beam polarization. In both cases
the reconstructed distribution reproduces very well the generated one. over a broad range
in cosθhel. The dip at small values of cosθhel can be explained by residual inefficiencies
in the measurement. of low momentum leptons. Please note that for the extraction of
e.g. t quark to couplings to γ and Z0 the slope of the distribution is used. For the
determination of the slope the available lever arm is largely sufficient.
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5 Conclusions
The main conclusions of the studies described in this paper are given below:
• High-luminosity runs at the LHC will be unfavorable for many high-precision SM
measurements that require reconstruction of jets with transverse momenta below
100 GeV. Uncertainties on jet measurements will be dominated by our understanding
of pileup corrections, rather than by the measurement uncertainties of signal jets as
for the 2010–2012 LHC measurements. We expect that the jet-energy uncertainty
will increase by a factor two or more for 〈µ〉 > 100. This conclusion was obtained
using model-independent considerations, and is still on the optimistic side given
several idealized assumptions.
• The above conclusion has broad implications for top measurements near threshold
(cross sections, top masses etc.), new physics searches, and other SM searches (such
as Htt¯) that require the reconstruction of low-pT jets. Currently, jet-related uncer-
tainties are the dominant uncertainties for top reconstruction. For the 〈µ〉 > 100
pileup scenario, the uncertainty on the tt¯ cross section and top masses will be a
factor of two or more larger than for the previously published measurements using
2010–2012 data sets. It is unlikely that any single or combined measurement will
reach a precision better than the expected theoretical uncertainties, unless methods
are employed that give a larger role to leptonic and/or tracker-based observables.
• Future LHC runs (at 13–14 TeV and possibly 33 TeV) should have large enough
statistics to reach the highly-boosted regime for top-quark reconstruction where
resolved approaches becomes ineffective. The transverse momenta of the top quarks
will be high enough that all of the decay products can be contained within standard
jets of radius 0.5–0.6. The most favorable kinematic regime for highly-boosted top
reconstruction is pT (jet) ≥ 0.8 TeV assuming R = 0.5. An inclusive observation
of highly-boosted hadronic top quarks is possible using jet mass distributions after
b-tagging, assuming that the b-tagging reduces the contribution from light jets by a
factor of two compared to b-jets, and that the shape of jet mass distribution near
170 GeV is understood within 10%.
• Pileup effects can be less severe for highly-boosted top quarks than for near-threshold
top quarks due to the higher energy scales and smaller detector areas involved. How-
ever, the pileup still must be carefully removed to preserve internal kinematic fea-
tures such as the top-jet mass. Dedicated jet grooming techniques such as trimming,
pruning, and filtering can yield more robust pileup subtraction than the area-based
four-vector subtraction method, and allow easy interface to other jet substructure
methods for top-tagging.
• Hadronic top-jet mass resolution and the efficiency of jet substructure algorithms for
top-tagging quickly degrade as pT (jet) exceeds 1 TeV, for example suffering a factor
of two broadening of the mass peak between pT (jet) ' 0.8 TeV and pT (jet) ' 1.6 TeV
with the EFlow Delphes detector. This effect is due to the spatial granularity of
the detector and contamination from initial- and final-state radiation. The effect can
be highly ameliorated by incorporating more spatially-segmented information from
39
the ECAL, by applying jet substructure methods to reduce contaminating semi-
hard radiation, and by restricting the active area of the top-jet to particles within
∆R ∼ 4mt/pT (jet) of the jet center. Similarly, any minimum-∆R parameters in a
top-tagger should be scaled as 1/pT (jet).
• A future linear collider e+e− will allow for studying electroweak production of tt¯
pairs. There is no QCD background. Due to the electroweak production all inter-
esting processes occur at roughly the same rate and the total number of interactions
is such that no online trigger is needed.
• Unlike at the LHC there is no or little event pile up. This is in particular true for the
ILC. There will be no multiple e+e− interactions. Overlay events may come from
γγ interactions. Ongoing studies show that this residual pile-up can be controlled
with adequate jet algorithms.
• Being the most advanced proposal, the ILC is designed to produce an integrated
luminosity of 500 fb−1 at a centre-of-mass energy of 500 GeV within four years of
running. Physics backgrounds to tt¯ production can be reduced to a negligible level.
The needed selection cuts will always leave a signal sample of about 100 k events.
• The t quark mass can be measured to a precision of better than 40 MeV where
systematic studies have shown that the statistical error is the dominating error. It is
expected, however, that the conversion to the theoretical well defined MS mass will
drive this uncertainty to around 100 MeV. The precise t quark mass will e.g. lead to
a precise picture on the vacuum stability of the universe.
• A major asset of the linear collider are the polarized beams. The increased number
of observables permit to disentangle tt¯ couplings to the photon and the Z0 boson.
The beam polarization will allow for enriching the samples with t quarks of left or
right handed helicities. New physics scenarios predict measurable differences in the
production rate of right-handed t quarks w.r.t. to the Standard Model.
• For the first time in energy frontier machines the charge of the b quark will be mea-
sured at a purity of 60% and better. This is in particular beneficial for observables
like AtFB which is sensitive to modifications of the chiral structure at the tt¯X vertex.
Note, that the chiral structure will also be tested with observables as the helicity
angle.
• Electroweak couplings can be determined at the percent level. It is important that
experimental and theoretical errors are kept at the same level. This requires a precise
measurement of e.g. the luminosity and the beam polarization. Currently, both
parameters are expected to be controlled to better than 0.5%. As shown elsewhere
this allows for reaching sensitivity to new physics at scales beyond 10 TeV. Keywords
here are compositeness and/or extra dimensions.
• In general the realization of machine and detectors must not compromise the preci-
sion physics. This is can be the biggest challenge in the coming years.
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